The cellular renal response to respiratory acid-base disorders  by Al-Awqati, Qais
Kidney International, Vol. 28 (1985), pp. 845—855
NEPHROLOGY FORUM
The cellular renal response to respiratory acid-base disorders
Principal discussant: QAIs AL-AWQATI
Columbia University, College of Physicians and Surgeons, New York, New York
Case presentation
A 56-year-old man was admitted to the New England Medical Center
Hospitals (NEMCH) for the eighth time because of worsening dyspnea.
He had had a diving accident at age 19 and had been paraplegic since (T-
5 to T-7 spinal cord transection). He had done remarkably well for more
than 30 years, except for episodic urinary tract infections and mild
arthritis of unknown cause. He had smoked more than 1 pack of
cigarettes daily for many years but had stopped 5 years before this
admission. The patient was first seen at NEMCH 3.5 years prior to the
eighth admission. At that time, vital capacity was 53% of normal;
FEY1, 44% of normal; and diffusing capacity, 75% of normal. Over the
next 9 months, he noted increasing shortness of breath, and atrial
fibrillation developed. There was no history of vomiting or diuretic use.
Physical examination at the time of admission revealed a paraplegic
man in mild respiratory distress. He had severe kyphoscoliosis. The
blood pressure was 110/60 mm Hg; pulse, 90/minute and irregularly
irregular; and respiratory rate, 18 to 24/minute. Cardiac and abdominal
examinations were unremarkable. No peripheral edema was present.
Laboratory data included: hemoglobin, 16.8 gIdl; hematocrit, 47.0%;
and white blood cell count, 8100 mm3. The serum sodium was 135 mEq/
liter; potassium, 4.4 mEq/Iiter; chloride, 89 mEq/Iiter; and bicarbonate,
39 mEq/liter. The BUN was 9 mgldl and the serum creatinine 0,9 mg/dl.
Arterial blood gases revealed a pH of 7.43, PaCO2 of 45 mm Hg, and a
Pa02 of 58 mm Hg (room air). A chest x-ray showed changes of
advanced lung disease, but no acute processes were evident. An
electrocardiogram confirmed the presence of atrial fibrillation. Vector-
cardiogram revealed right ventricular enlargement. Pulmonary arterio-
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gram revealed no evidence of pulmonary emboli. Urine culture grew
more than 100,000 col/mI of enterococcus. The patient was treated with
digoxin, bronchodilators, nonsteroidal antiinflammatory agents, and
urinary antiseptics.
Representative atrial blood gases over the next 3 years were as
follows (he received no diuretics during this interval):
pH
PaCO2
mmHg
PaO2
mmHg
7.35 60 57
7.37 50 55
7.38 56 60
7.40 51 65
7.38 55 39
7.37 53 50
Seven weeks prior to the current admission, the pH was 7.38; PaCO2,
50 mm Hg; Pa02, 43 mm Hg; and bicarbonate (estimated from serum
total C02), 29 mEq/liter. Three weeks later he was admitted with
worsening dyspnea secondary to acute bronchitis. Arterial blood gases
(24% 02 mask) were pH, 7.29; Pa02, 32mm Hg; and PaCO2, 70mm Hg.
The patient received intensive therapy for 3 weeks and was discharged
to home, but several days later he was admitted for the eighth time to
NEMCH. He had been treated with his usual medications plus hydro-
chlorothiazide, 50 g twice weekly, in the interval since discharge.
Pertinent findings on the physical examination revealed a blood
pressure of 112/70 mm Hg; pulse, 100/minute (irregularly irregular);
respirations, 40/minute; and a normal oral temperature. Chest examina-
tion revealed the previous findings and diffuse rales and rhonchi. The
BUN was 11 mg/dl and serum creatinine 0.5 mg/dl. Plasma bicarbonate
concentrations ranged from 33 to 40 mEq/liter. Arterial blood gases on
admission revealed a pH of 7.23, a Pa02 of 27mm Hg, and a PaCO2 of
89 mm (room air). Arterial blood gases (at the time of discharge 5
months later) revealed a pH of 7.45, a Pa02 of 96mm Hg, and a PaCO2
of 59 mm Hg (mobile ventilator with 28% 02). He was receiving a
number of medications at this time, including hydrochlorothiazide, 50
mg/day; spironolactone, 25 mg/day; and potassium chloride, 60 mEq/
day. He was discharged, ventilator-dependent, to a chronic disease
hospital.
Discussion
DR. QAIs AL-AWQATI (Chief, Division of Nephrology, and
Professor of Medicine and Physiology, Columbia University,
College of Physicians and Surgeons, New York, New York):
The kidney regulates the buffer content of the body fluids by
producing sufficient HC03 to titrate the hydrogen ion that is
produced by cellular metabolic reactions. The stability of the
HC03 concentration, in concert with the stability of the body
fluid PCO2, due to the respiratory system, also assures that the
pH of these fluids is controlled within a reasonable range. This
range, incidentally, is not something to brag about, being about
15% around the mean (pH 7.35 to 7.45 or 35 to 45 nM): this
level of control is not in the same league, for example, with the
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regulation of osmolality of the body fluids (± < 1%). The
interaction of the PCO2 and the plasma HC03, which deter-
mine the plasma pH, occurs not only at the level of physical
chemistry, but also at the level of fundamental biologic mecha-
nisms. It is well known from clinical and experimental observa-
tions that an increase in the PCO2 of the body fluids is
accompanied by an immediate increase in the plasma HC03
produced by buffering of the excess carbonic acid [1]. Howev-
er, continued observation during prolonged hypercapnia shows
that the plasma HC03 continues to rise, reaching after several
days a new steady-state level higher than that seen initially
because of stimulation of renal net acid excretion [1]. Similarly,
when the PCO2 of the body fluid is reduced by hyperventilation,
the plasma HC03 initially reduced due to buffering falls
further to its steady-state level because of renal retention of
endogenously produced acid [2]. Recent studies by Cohen,
Madias, and coworkers have shown that the response of the
kidney to changes in PCO2 is a strong determinant of the plasma
HC03 concentration even in metabolic acidosis and alkalosis
[3—61. In fact, a large fraction of the normal variation in the
plasma HC03 can be accounted for by the normal variation in
PCO2 [7, 8]. These results suggest that greater than 50% of the
plasma HC03 can be accounted for by the effect of CO2 on
renal hydrogen ion secretion and hence generation of HC03.
The effect of carbon dioxide on the kidney's ability to excrete
acid is one of the oldest problems in renal physiology. It has
been studied at all levels of organization, including whole-body
titration, urinary acid excretion, micropuncture studies and,
more recently, in in-vitro studies of tubules and model epithelia.
The patient presented exemplifies well the effects of chronic
CO2 retention on systemic acid-base balance and renal acid
excretion. Whole-body titration studies in the dog and careful
clinical observations in humans demonstrate a direct positive
relationship between the increment in plasma CO2 tension and
the increment in plasma hydrogen ion concentration. In hu-
mans, for every 10 mm Hg rise in PaCO2, hydrogen ion
concentration increases by approximately 3 nEq/liter [1, 9].
Most of the acid-base data collected in this patient in the 3 years
prior to his seventh NEMCH admission are consistent with
simple chronic respiratory acidosis. The much lower pH of 7.23
(at the times of the eighth and last NEMCH admission) is a
function of the superimposition of acute on chronic hypercap-
nia. Today I do not plan to discuss whole-body studies but wifi
restrict my discussion to the cellular and subcellular mecha-
nisms by which CO2 affects renal hydrogen ion secretion. I also
will try to outline the problems in relating the insights of cell
physiology to the regulation of acid-base balance in whole
organisms.
Hydrogen transport in the renal tubule
The processes of hydrogen ion transport occur in the proxi-
mal tubule and in the cortical and medullary collecting tubules
[10]. Whether other segments are also involved in hydrogen ion
transport is not clear, but recent studies suggest that HC03
absorption occurs in the cortical thick ascending limb. Hydro-
gen ion secretion occurs in the proximal tubule by two mecha-
nisms: a Na :H exchanger located in the brush border, and a
proton-translocating ATPase that is inserted there as a conse-
quence of fusion of endocytic vesicles with the luminal mem-
brane [11, 12]. The mechanism of H secretion can be con-
ceived of as a water-splitting process in which the water
molecule's proton is translocated across the membrane and the
remaining hydroxyl ion is carboxylated by CO2 in a reaction
catalyzed by carbonic anhydrase to form HC03. The HC03
then leaves from the basolateral side of the cell and enters the
blood by a mechanism that is currently being studied. The
C1 :HC03 exchanger does not appear to mediate the exit of
bicarbonate, and it is possible that an HC03 conductive
pathway is involved. Preliminary results suggest that HC03
exit might be coupled to Na exit [13]. The exit of HCO3 can
be rate-limiting for transepithelial H secretion. The contribu-
tion of Na :H exchange or the W-ATPase to net transepithe-
hal H secretion is difficult to quantify because of the lack of
specific reagents that can block one and not the other. Most
investigators have relied on inhibition of Na transport or
removal of Na as specific mechanisms for inactivation of the
Na:H exchanger. However, the recent finding that HC03
exit is sodium dependent makes these results suspect. Because
these maneuvers would inhibit H secretion by any mecha-
nism, quantitation of the role of Na:H exchange and the H
ATPase in mediating proximal acidification remains a vexing
problem.
Hydrogen ion secretion in the cortical and medullary collect-
ing tubule is driven by a H-ATPase located in endocytic
vesicles that fuse with the apical plasma membrane [10, 12, 14—
17]. The HC03 formed by the H pump in these cells leaves in
strict exchange for C1 [18—21]. The mechanism of H secre-
tion in this segment is identical to that of the turtle urinary
bladder, a tissue studied as a model H-transporting epithelium
for almost two decades [22].
During the study of acidification in the turtle bladder, another
mechanism was discovered, that of HC03 secretion. In this
tissue HCO3 is actively secreted in exchange for Cl [23, 24];
an identical process occurs in the cortical collecting tubule [25,
26].
Hydrogen ion secretion in the turtle urinary bladder
The model of H transport that emerged from studies of the
turtle urinary bladder has been a powerful heuristic tool in the
analysis of H transport in other epithehia, especially those in
the kidney. In the turtle bladder, H secretion is mediated by a
proton pump located in the luminal membrane in series with a
C1 :HCO3 exchanger in the basolateral side (Fig. 1). We
found this pump to be a proton translocating ATPase that bears
some similarities to the proton ATPase in mitochondria and
bacteria [27, 281. A similar (or possibly identical) proton pump
acidifies the contents of endocytic vesicles, Golgi membranes,
endoplasmic reticulum, and lysosomes in a variety of eukaryot-
ic cells [29—33]. This ATPase is electrogenic and hence its rate
of pumping is affected by the transmembrane electrical gradient
[22, 341. Since the pump translocates protons as well, the rate of
transport is also affected by the pH difference across the
membrane. The maximum gradient that the pump can generate
is equivalent, electrically, to 180 mY or, chemically, to 3 pH
units. The rate of H secretion is stimulated by aldosterone.
We noted that the maximal gradient generated by the pump was
unaffected by aldosterone even though this hormone increased
the rate of transport in the absence of electrochemical gradi-
ents. We deduced from a simple equivalent circuit analysis that
aldosterone either increased the number of functional pumps
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residing in the apical membrane, or alternatively, that it in-
creased the turnover number of each pump. No evidence is
available at present to support either of these alternatives [35].
In the turtle bladder, CO2 stimulates H secretion. Like
aldosterone, CO2 stimulates H transport in the absence of
electrochemical gradients, but no change occurs in the maximal
gradient generated by the pump [34]. Again the deduction was
made that there might be an increase in the number of function-
ing pumps in the apical membrane or an increase in the turnover
number of each pump. However, unlike the case for aldoster-
one, one was able to go beyond the sterile dictates of the
equivalent circuit model. Because CO2 acidifies the cell, and
because the proton pump can be thought of as an enzyme whose
substrate was protons, it was naturally concluded that there
should be an increase in the turnover number of the pumps.
However, for reasons I will discuss in a moment, this deduction
did not appear to be correct. Instead, evidence indicated that a
complex cellular transformation was induced by CO2 that led to
an increased number of W pumps.
Effect of carbon dioxide on endocytosis and exocytosis of
hydrogen ion pumps
The turtle urinary bladder, like the renal collecting tubule,
contains two types of cells. The granular cell comprises 80% to
90% of the surface of the turtle bladder and is responsible for
sodium transport. The mitochondria-rich cell (intercalated cell
or carbonic-anhydrase cell) comprises the remainder and is
responsible for hydrogen ion secretion. This cell is rich in
carbonic anhydrase and contains small vesicles underneath the
luminal membrane. These vesicles continuously fuse with the
apical plasma membrane and then re-form as endocytic vesi-
des. Continuous endocytosis and exocytosis occur in most
eukaryotic cells as a constitutive method for membrane repair
and biogenesis. The rate of these processes, however, varies in
different cells. In the turtle bladder, for instance, the granular
cells exhibit a rate slower than that of the mitochondria-rich
cells by many orders of magnitude [36, 37]. Using the differen-
tial rate of these two classes of cells, we were able to introduce
a fluorescent macromolecule into the vesicles of the mitochon-
dria-rich cells. We chose fluorescein coupled to a large-molecu-
lar-weight dextran because the excitation spectrum of fluores-
cein is pH sensitive. We measured the pH in these vesicles by
mounting the turtle bladder on the stage of a fluorescence
microscope and measuring the emission intensity at different
excitation wavelengths. We found that the pH was close to 5.0.
We inferred that this low pH was produced by proton pumps,
because reducing cellular ATP levels elevated the intravesicular
pH.
'H
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Fig. 2. H transport and exocytosis in turtle bladder. The bladder was
loaded with fluorescent dextran, washed, mounted in a Ussing cham-
ber, and its rate of H transport measured as the short circuit current in
the presence of ouabain (top panel). The luminal fluid was continuously
perfused through a fluorometer. On changing the gas mixture to 5% CO2
in air, the rate of H transport increased (top panel) simultaneously
with secretion of fluorescent material (bottom panel).
We then loaded turtle bladders with fluorescent dextran and
measured the rate of release of fluorescent material simulta-
neously with the increase in hydrogen ion transport. We found
that carbon dioxide caused a transient exocytotic event but
resulted in a sustained increase in hydrogen ion secretion (Fig.
2). Hence, the vesicles whose membranes contain proton
pumps fused with the luminal membrane, thereby inserting into
it functioning pumps that continued to turn over and secrete
protons. There was a good correlation between the increase in
hydrogen ion secretion, an index of the number of functioning
proton pumps, and the volume of fluorescent material secreted
(which is a function of the number of vesicles that fused). More
recent studies showed that CO2 also affected the rate of
endocytosis. Removal of CO2 stimulated the endocytotic re-
moval of hydrogen ion pumps [37]. However, the time course of
CO2's effect on exocytosis was more rapid than was that on
endocytosis.
We also measured the cytoplasmic pH in individually identi-
fied mitochondria-rich cells in the turtle bladder and found it to
be higher than that of neighboring cells. As expected, carbon
dioxide acidified the cytoplasm. We also found that this cyto-
plasmic acidification was transient, and that the cell pH re-
turned to the control level within 5 minutes even though the rate
of hydrogen ion transport was still elevated (van Adelsberg J,
Al-Awqati Q, unpublished results). To stimulate H secretion
by an increase in the turnover of the proton ATPase, CO2 must
acidify the cell and the cell pH must remain low during the
stimulated secretion. This follows from the fact that the cause
of the increased turnover is simply the increase in the H
concentration in the cytoplasm. Our preliminary results show
that the cell pH initially decreases but returns to the original
level within a few minutes of the addition of CO2. In this period
HCO H
Fig. 1. Model for H transport in the acid-secreting cell of turtle
bladder and collecting tubule.
Co2
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during which the cell pH is back to its original level, the rate of
transport is stimulated. Hence, an increased turnover cannot be
invoked as the mechanism for stimulation of H secretion.
Rather, an increased number of ATPases that pump protons at a
constant rate must be the sole cause of the increase in transport.
There is, of course, another possibility: the transient cytosolic
acidification might somehow modify the ATPase to increase its
turnover rate. However, I think this is an unlikely event. The
combined evidence that we and others have produced suggests
that the CO2 stimulates H secretion largely or entirely by
increasing the number of pumps in the membrane.
Cellular signal by which carbon dioxide causes exocytotic
insertion of hydrogen ion pumps
Exocytosis exists in two forms. In one, it is part of the
membrane recycling process that one could term constitutive
membrane recycling, in which the movement of membrane is
not regulated. In another, exocytosis is highly regulated. Exam-
ples of the latter include exocytosis occumng at neuromuscular
junctions and in endocrine cells. Many, although apparently not
all, of the regulated exocytotic events seem to be caused by an
increase in cell calcium. Recently we found that carbon dioxide
caused exocytosis in the turtle bladder by a cascade of events
that eventually led to an increase in cell calcium [381. The first
step is cytoplasmic acidification. Weak acids such as butyric or
acetic acid also caused exocytotic insertion of hydrogen ion
pumps. We loaded isolated turtle bladder cells with the calcium-
sensitive fluorophore, Quin 2, and found that carbon dioxide
caused a transient increase in cell calcium (Fig. 3). This
increase was necessary for exocytosis, because increasing the
buffering power of the cytoplasm for calcium prevented both
the exocytosis and the increase in hydrogen ion secretion
without preventing the decrease in cell pH. We need to repeat
these studies by measuring intracellular calcium in individually
identified, mitochondria-rich cells before we can be certain
about this mechanism.
Precisely how cellular acidification results in increased cell
calcium remains to be determined. One possibility is that
alterations in cell pH open calcium channels. This explanation
would account for the transient increase in cell calcium, be-
cause the change in cell pH is also transient. As more pumps are
inserted into the membrane, they would continue to turn over,
producing more HC03 and restoring the cell pH nearly to
control. It is also possible that cell acidification could close pH-
sensitive potassium ion channels, which would then depolarize
the membrane and open voltage-sensitive calcium channels. We
currently are attempting to distinguish between these
possibilities.
Exocytosis and endocytosis in the renal tubule
Recently, George Schwartz and I studied endocytosis and
exocytosis in the acidifying nephron segments of the rabbit
kidney and found active endocytosis in the proximal tubule as
well as in the cortical and medullary collecting tubules [12] (Fig.
4). When the proximal tubule was isolated and perfused with a
medium that contained large-molecular-weight dextran coupled
to fluorescein, the fluorescent material was rapidly internalized
into all the cells and remained in endocytic vesicles located
beneath the brush border. These vesicles remained there and
did not travel to the basolateral surface of the cell for at least 30
Time, minutes
FIg. 3. Intracellular calcium as measured by Quin 2 in isolated turtle
bladder cells. (Reprinted with permission from [38].
minutes. When the pH inside these vesicles was measured by
the spectrofluorometric methods I have already mentioned, we
found it to be acid. This pH gradient across the vesicle
membrane was dissipated when electrogenic proton ionophores
were added to the tubule. Thus the contents of the vesicles were
acidified by the action of proton pumps and not by a Donnan
potential produced by fixed negative charges. The finding that
the vesicles were acidified even in the absence of sodium
suggested that they did not contain Na : W exchangers, but
rather that they were acidified by proton-translocating
ATPases.
These results raise interesting issues regarding the distribu-
tion of proton translocators in the apical plasma membrane of
the proximal tubular cell. Recent studies have shown that
endocytic vesicles fuse with the region of the apical plasma
membrane that lies between the microvilli, and indicate that
there are two domains of the plasma membrane that have
distinct protein composition [39]. Further, clathrin seems to
coat only the intervillous region; clathrin-coated vesicles have
been shown to contain proton-translocating ATPases. Because
endocytic vesicles do not contain Na4:H exchangers, we
suggest that the Na:H exchanger is located only in the
microvillous membrane, whereas the H-ATPase is present in
vesicles budding off the intervillous region.
Schwartz developed a new assay for exocytosis in which he
loaded the proximal tubular cell with fluorescent dextran, and
measured the fluorescence intensity of the whole cell during
perfusion of the tubule with fluorescent-free medium [12]. The
addition of carbon dioxide caused a decrease in the fluores-
cence intensity of the cell; this result suggests that CO2 caused
exocytotic secretion of the fluorescent macromolecule. Fur-
ther, pretreatment of the tubules with colchicine, an inhibitor of
exocytosis [16], inhibited the discharge of these fluorescent
substances [121. Because these vesicles were acidic and be-
cause they fused with the luminal membrane, we concluded that
carbon dioxide causes exocytotic insertion of functioning pro-
ton pumps into that membrane. What quantitative effect these
newly recruited H ATPases have on net transepithelial hydro-
gen ion transport remains to be determined. In similar experi-
ments Schwartz found that the mitochondria-rich cells of the
collecting tubule also internalized fluorescent dextran into acid
add CO2300
200
100
[Ca],
nM
$
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Fig. 4. Isolated perfused medullary collecting tubule (A), cortical
collecting tubule (B), and proximal tubule (C). Tubules were perfused
with fluorescent dextran, washed, and photographed on the stage of a
fluorescence microscope (x200). (From Ref. 12.)
vesicles and secreted it in response to elevation of PCO2 [121.
We were surprised by these results. We expected that carbon
dioxide would affect exocytotic insertion of hydrogen ion
pumps in the collecting tubule but not in the proximal tubule.
The observation that three of the known acidifying segments
demonstrate this C02-mediated exocytosis suggests that CO2
might be a more general stimulus for exocytosis than previously
thought. In concert with this idea is the finding that increasing
the PCO2 stimulated vasopressin- and cyclic AMP-mediated
water transport, another exocytotic event [401. However, we
need more studies on many different cell types before any
generalizations can be made. The role of exocytotic insertion of
hydrogen ion pumps on net hydrogen ion secretion by these
various segments also needs direct study.
Bicarbonate secretion and hydrogen ion secretion in me
collecting tubule
Steinmetz et al showed that net acid transport in the turtle
urinary bladder is due to the balance between two separate
transport processes: hydrogen ion secretion and bicarbonate
secretion [22—24]. The two processes had many similarities;
both were active transport processes, both were inhibited by
carbonic anhydrase inhibitors, and both were dependent on
chloride. Bicarbonate secretion into the urine occurred by a
neutral process in strict exchange for chloride. Based on
findings obtained by using SITS, an inhibitor of Cl :HC03
exchange, Cohen, Mueller, and Steinmetz concluded that
HC03 secretion and H secretion occur in separate compart-
ments [19]. Recently, HC03 secretion, also in exchange for
chloride, was identified in the cortical collecting tubule [21, 25,
26].
When Schwartz perfused the cortical collecting tubule with
fluorescent macromolecules, endocytosis occurred in only a
few cells (Fig. 4). This result was surprising, because 20% to
30% of this segment's cells are mitochondria-rich. The cells that
brought dextran into acid vesicles via endocytosis clearly were
the ones responsible for hydrogen ion secretion. This inference
follows from the fact that the cells had vesicles that were
acidified by proton pumps and that these vesicles fused with the
luminal membrane, thereby inserting these proton pumps into
that membrane. Further, the cortical collecting tubule tends to
have low levels of H secretion. Actually, most of the time
there is HCO3 secretion, whereas the medullary collecting
tubule has a high rate of H secretion [14, 15, 25, 261. Only a
few cells in the cortical tubule incorporate luminal dextran via
endocytosis, but most mitochondria-rich cells in the medullary
tubule do [12]. These studies suggest that the mitochondria-rich
cells that admit dextran via endocytosis are the acid-secreting
cells and that the mitochondria-rich cells that do not take up
dextran are bicarbonate-secreting cells. Studies by Schwartz
have verified the validity of this hypothesis [211.
To actively secrete bicarbonate, the cell must have a source
of base, which usually is provided by a proton pump, or a
Na:H exchanger. Because bicarbonate secretion by the
cortical collecting tubule does not depend on sodium, the
source of base probably is a proton ATPase in the basolateral
membrane. Indeed, Schwartz found that the bicarbonate-se-
creting cell has a polarity that is functionally reversed when
compared to that of the acid-secreting cell (Fig. 5). This
reversed polarity raises many questions about the mechanism
by which membrane proteins are targeted to their destination.
Membrane proteins are assumed to have a special sequence of
amino acids that acts like a "zip-code": somehow the cell
"recognizes" this sequence and "sends" the protein to its
correct location. How could two transport proteins (the H-
ATPase and the Cl :HC03 exchanger) be present on opposite
sides of the cell? More recently, Schwartz discovered an even
more remarkable process. During metabolic acidosis, the bicar-
bonate-secreting cell converts to an acid-secreting cell [41].
This "plasticity" in epithelial polarity indicates that an epige-
netic mechanism exists that controls targeting of membrane
proteins. The importance of this new mechanism for acid-base
balance is obvious. Whether it also occurs during adaptation to
chronic respiratory acidosis is unknown, but it is likely that the
mechanism is a general one.
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The renal response to respiratory acid-base disorders
It is difficult to explain the response of the whole organism to
changes in the ambient PCO2 in terms of cellular mechanisms
alone. Indeed, the renal response is a complex one expressed
not only in various nephron segments, but also over various
time intervals. There is another, more subtle problem related to
the nature of investigation of cell physiology: progress in this
field occurs only when a new mechanism is discovered and its
details unraveled. Such a discovery usually entails experiments
that give answers of the "yes:no" type rather than of the "how
much" form, but analysis of the role of a new mechanism in the
response of a whole organism to an external stimulus requires
quantitative knowledge. For instance, one needs a method that
can quantify the effect of exocytotic insertion of hydrogen ion
pumps on actual net acid excretion by the kidney. Clearly, this
is a difficult if not impossible task. With these reservations
about extrapolating from cellular physiology to the whole
organism, I will try to relate the response of various known
processes to respiratory acid-base disorders. A more complete
analysis is presented in an excellent recent review [42].
Site of the response. General agreement exists that bicarbon-
ate absorption in the proximal tubule is increased in respiratory
acidosis. The mechanism of the response must include acidifi-
cation of the cytoplasm, which changes the driving force for
Na:H exchange and promotes hydrogen ion secretion. More
interesting is the demonstration by Aronson that the affinity of
the Na:H carrier for protons is changed in favor of greater
hydrogen ion secretion [43]. The role that exocytotic insertion
of W pumps into the luminal membrane plays in the total
response is unknown [12]. Recently Bank and coworkers, using
an inhibitor of the proton ATPase, concluded that approximate-
ly 30% of reabsorbed bicarbonate normally resulted from this
process, and that the fraction was higher during respiratory
acidosis. However, the inhibitor used was not very specific,
and other processes such as the Na:H might have been
inhibited [44].
The role of the collecting tubule in respiratory acid-base
disorders is more difficult to assess. There is convincing evi-
dence that the rate of hydrogen ion secretion decreases when
the PCO2 is lowered. This reduction in H secretion promotes
HC03 excretion during respiratory alkalosis. However, when
HCO - the PCO2 is increased, the results are not dramatic. One
ci - problem that we need to remember is that the cortical and
medullary segments contain two types of acid-transporting
cells. The acid-secreting cells clearly change their rate of
secretion in response to carbon dioxide. However, it is not yet
known whether the rate of bicarbonate secretion is also in-
creased. Our recent studies suggest that the bicarbonate-secret-
ing cell is similar to the hydrogen ion-secreting cell but merely
reversed in polarity [41]. For instance, a higher PCO2 could
stimulate bicarbonate secretion as well as hydrogen ion secre-
tion, and the net result could be little or no change in net H
secretion. If hypercapnia stimulates HCO3 secretion, it might
explain the old observation that chronic respiratory acidosis,
early in its course, is associated with bicarbonate diuresis [9,
45].
Time course of the response. In response to changes in PCO2,
3 to 4 days elapse before the kidney reaches a steady state.
Since carbon dioxide is permeant, the changes in cell pH, the
likely signal for any change in hydrogen ion secretion, are
almost instantaneous. Indeed, when good time-resolved mea-
surements of the effect of CO2 on hydrogen ion secretion are
obtained, as in the turtle bladder, the full effect of an increase in
PCO2 is complete within one or two minutes. Why then does it
take the kidney several days to increase the plasma bicarbonate
level? One possibility is that the increase in H secretion in
vivo induced by a change in PCO2 is quite small; hence the net
new HCO3 added to the body fluids is minor and it takes
several days to reach its maximum. I don't think this is a likely
explanation. An alternative explanation is that bicarbonate
absorption and generation in the proximal tubule is stimulated;
hence the fluid that reaches the collecting tubule is acid. This
could "turn off" the proton pumps by a "thermodynamic"
effect. That is, the amount of ammonia and phosphate might not
have increased sufficiently to buffer the added protons. A third,
HCO
CI- H
Fig. 5. Functional polarity of acid-transporting cells in collecting
tubule. Top cell secretes H* into the lumen; bottom cell secretes
HC03.
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more interesting, possibility is that a complex series of events
results in an increase in the number of transporting molecules.
This could involve new synthesis of Na:H exchangers, or
H-ATPases. Another explanation would be the conversion of
bicarbonate-secreting cells to acid-secreting cells. In chronic
metabolic acidosis, this process takes a few days to complete
[41].
Is there a change in the number of transporters, or is the
turnover number of each transporter affected by PCO2? Acidifi-
cation of the proximal tubular cytoplasm changes the driving
force for hydrogen ion secretion, thereby increasing the turn-
over number of each transporter. The change in affinity of the
Na:H exchanger also would increase the turnover number,
even at the same cell pH [43]. A similar situation could occur
with the proton ATPase in the proximal and collecting tubules.
It is difficult to design experiments to test this hypothesis in
isolated vesicles, however. The pH optimum of this enzyme is
quite flat over a wide range that encompasses physiologically
relevant values suggesting that cell acidification has little effect
on the turnover of the pump [281. There is, of course, the added
problem that the cell pH returns to the control level in the turtle
bladder even when the PCO2 remains high. Hence, the original
stimulus for the change in turnover number—the low cell pH—
is nullified.
The evidence for an increase in the number of HtATPases
by exocytotic insertion into the luminal membrane of proximal
and collecting tubules is strong. Such evidence for the Na:H
exchanger is at present largely indirect. In a number of situa-
tions associated with a chronic increase in the filtered load of
Na and HC03, the Ymax for the Na:H exchanger is
increased. Whether this increase is due to an increased number
of carriers or to a covalent modification of the carrier that
increases its turnover number needs to be elucidated.
Conclusion
Changes in the PCO2 of the body fluids are associated with
acute and chronic changes in the bicarbonate concentration of
the extracellular space. The chronic changes clearly are due to
alterations in the rate of hydrogen secretion by the renal tubule.
I have described the cellular mechanisms underlying this
change in tubular function. The first involves simple effects of
C02-induced changes in cell or urine pH that affect the turnover
of individual Na :H exchangers or proton pumps. Several
mechanisms involve exocytotic insertion of H-ATPases into
the luminal membrane of the acid-secreting cells of the proximal
and collecting tubules. A third, recently discovered, mechanism
might involve conversion of bicarbonate-secreting cells to acid-
secreting cells. The quantitative role that each of these mecha-
nisms, or of others yet to be discovered, contributes to the renal
response to respiratory acid-base disorders remains to be
determined.
Questions and answers
DR. NIcoLAos E. MADIAS: Thank you very much Dr. Al-
Awqati. Let me ask a question regarding the renal response of
the whole animal to chronic respiratory acidosis. Extensive
studies carried out in the Renal Laboratory at the New England
Medical Center and Tufts University over the years have
clearly shown that the adaptation to chronic hypercapnia is (1) a
graded response and (2) a gradually evolving process [1]. In
terms of the graded response, the transient increment in net
acid excretion and the persistent augmentation in bicarbonate
reabsorption are of greater magnitude during adaptation to
severe as opposed to mild hypercapnia. In terms of the gradual
evolution, it has been well demonstrated in studies employing
exogenous alkali that several days are required for the adaptive
response to reach completion [46]. Moreover, during the first
day or two of exposure to a hypercapnic atmosphere, dogs
demonstrate a large chloruresis and a substantial increase in
sodium and potassium excretion, but only a modest increase in
ammonium excretion; over the subsequent several days, ammo-
nium excretion is augmented. Can your findings provide any
insights into the mechanisms for these phenomena?
Da. AL-AWQATI: The response of the kidney to chronic
hypercapnia is mediated by many processes and, as I men-
tioned earlier, it is difficult to apply the insights of cell physiolo-
gy to the response of a whole animal. In large part this is
because it is not possible to strictly regulate or control all the
factors that can affect H secretion in whole animals. For
instance, urine pH has a dramatic effect on the net rate of W
secretion, as does the level of aldosterone. Further, in the
cortical collecting tubule there are acid-secreting cells and
bicarbonate-secreting cells. We don't know, for instance,
whether hypercapnia stimulates bicarbonate secretion. The
chronicity of the hypercapnia also adds a new complication. We
found that during chronic metabolic acidosis the number of
acid-secreting cells increases and the number of bicarbonate-
secreting cells decreases. Although we have no experimental
evidence, it is very likely that this interconversion of acid- and
bicarbonate-secreting cells occurs in chronic respiratory acido-
sis as well. So my feeling right now is that the delay in the
response of the kidney to chronic hypercapma, and the change
in the character of the response, is due to an increase in the
number of acid-secreting cells.
As to the effect of hypercapnia on chioruresis, I am not sure
what the explanation is. One possibility is that stimulation of
H secretion in an acid-secreting cell also leads to stimulation
of chloride secretion by that cell. This follows from the pres-
ence of a Cl-HC03 exchanger on the basolateral membrane of
these cells. The chloride entering the cell must leave somehow,
and it is likely that the chloride channel is present on the luminal
membrane. Indeed, Stone et al have shown that there is
excellent correlation between H secretion in the medullary
collecting tubule and chloride secretion in the same tubules
[18]. It is also likely that C02, by acidifying the cell, could
inhibit sodium transport. Recent studies have shown that
acidification of the bath inhibits sodium transport in isolated
tubules.
DR. JEROME P. KASSIRER: How far would you be willing to
extrapolate your results in the turtle bladder to the intact
tubule? We have always assumed that when a bicarbonate
diuresis occurs in respiratory alkalosis, the bicarbonate in the
urine represents simply the alkali left over from that which was
ifitered. You showed evidence that some cells secrete bicarbon-
ate. Is it possible in this situation that there is complete
bicarbonate reabsorption and subsequent secretion by the
tubule?
DR. AL-AWQATI: No, I think that reduction of the PCO2 is
associated with a decrease in the rate of H secretion in the
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proximal tubule and in the collecting tubule. This would allow a
larger fraction of the filtered bicarbonate to be excreted. I am
very excited by this HC03 secretion because it provides us
with an explanation for why we don't become alkalotic when
we eat 1000 mEq of sodium bicarbonate a day. This resistance
to alkalosis is a very curious phenomenon. I think it results
from the fact that we have good ways of getting rid of alkali,
including volume expansion (that decreases bicarbonate ab-
sorption) and this mechanism of bicarbonate secretion.
DR. KASSIRER: Actually, metabolic alkalosis does occur if
huge amounts of bicarbonate are administered. In the 1960s,
van Goidsenhoven fed as much as 1440 mEq of bicarbonate per
day to normal people. In his study, the more bicarbonate that
was ingested, the higher the plasma level [47]. I suspect that the
extent of the alkalosis achieved is related more to the inability
of the kidney to excrete sodium than it is to its inability to
excrete bicarbonate.
DR. AL-AWQATI: At any rate it is remarkable how much one
can ingest bicarbonate and not become alkalotic, whereas
similar amounts of acid ingestion will clearly make us acidotic
very quickly. I think we agree on the observations that we have
much more tolerance to bicarbonate ingestion than to acid
ingestion.
DR. KASSIRER: I agree. There are certain circumstances in
which the tolerance to bicarbonate loading is reduced. Renal
insufficiency, volume contraction, and chloride depletion all
inhibit bicarbonate excretion [48].
DR. AL-AWQATI: By the way, I think that the presence of
these HC03-secreting cells explains why chloride is important
in the generation of metabolic alkalosis. Of course one should
be careful about saying this in this institution; but you probably
all know that many people were not very convinced that
chloride was really important! However, I believe now that
there is a mechanism that might suggest that all of you were
correct after all. However, the reason I propose is different
from yours. Bicarbonate can only be secreted in exchange for
chloride. If you don't have chloride, you don't secrete bicar-
bonate; hence you retain the bicarbonate.
DR. MARK DoNowITz (Division of Gastroenterology,
NEMCH): Qais, your work has very nicely shown that the
hydrogen pumps can move back and forth from the membranes,
but you seem now to have jumped to the concept that all
transport proteins, that is, chloride-bicarbonate exchanges, also
quickly move back and forth.
DR. AL-AWQATI: No, I didn't say that. The mechanism of
insertion of the proton pumps in response to CO2 occurs very
rapidly, whereas the change in polarity takes several days. I
think there are many mechanisms of regulation of ion transport
in addition to exocytotic insertion. For instance, we found that
calcium directly blocks the sodium channel in vesicles isolated
from the toad bladder. However, we must remember that
insertion of most or all membrane proteins occurs by vesicle
transport. What we show here is that the fusion of the proton-
ATPase-containing vesicle is regulated.
DR. RONALD D. PERRONE (Division of Nephrology,
NEMCH): You mentioned that proximal tubule hydrogen ion
secretion is probably mediated by a hydrogen ATPase. Is this
the same hydrogen ATPase found in the medullary collecting
duct, and how does this interact with the sodium that is
reabsorbed?
DR. AL-AWQATI: I think that proximal acidification is pro-
duced by Na :W exchange and by the proton ATPase. How-
ever, unlike many renal physiologists, I don't claim to know
what fraction of the net rate of transport is mediated by one or
the other. We have recently isolated fractions from the renal
cortex, and it is enriched in the proton ATPase. This ATPase
has the same characteristics as the medullary proton ATPase
and the recently described ATPases of intracellular organelles.
All these proton pumps are electrogenic, and they are not
inhibited by the same panel of inhibitors that inhibit the
mitrochondrial proton ATPase. Until the ATPase is purified
from all these sources, we will not be able to answer this
question with certainty. However, it is very likely to turn out to
be the same ATPase.
DR. PERRONE: Is there morphologic evidence that shows the
basolateral vesicles in the cortical collecting tubule, and do
these vesicles occur with the same frequency that you see
endocytosis on the basolateral side?
D. AL-AWQATI: We are presently doing these experiments.
The frequency of basolateral vesicles in the bicarbonate-secret-
ing cell is much lower than the frequency of apical vesicles in
the acid-secreting cell. It is interesting to note that our estimate
of the rate of bicarbonate secretion per cell is lower than the
rate of bicarbonate absorption per acid-secreting cell. The acid-
secreting cell looks juicier and bigger than does the bicarbonate-
secreting cell.
DR. PERRONE: It would be interesting to look at these
bicarbonate-secreting cells under conditions of alkali loading.
Has this been done?
DR. AL-AWQATI: Yes, we are thinking about doing these
kinds of experiments. We would like to investigate whether
alkali feeding could turn off the acid-secreting cells in the
medullary collecting tubule.
DR. IRwIN ARIAS (Chairman, Department of Physiology,
Tufts University School of Medicine): What is known about the
regulation of the small number of gap junctions that are between
these cells?
DR. AL-AWQATI: We are very interested in this subject. We
measured the cell pH in the mitochondria-rich cell and found it
to be higher than the cell pH of the other cell type located next
to it. The difference in pH sometimes is as much as one pH unit.
This large difference suggests that there are no open gap
junctions between these two cell types. The conductance of the
gap junction is very high, maybe as high as 80 pS. If you
calculate how many ions per second can cross a single gap
junction between one mitochondria-rich cell and one principal
cell, it is on the order of 100 million ions per second. If you
make up a reasonable estimate of what is the turnover number
of the proton ATPase, you find that you would need a huge
number of proton ATPAses in the membrane to account for this
pH difference, even if there were only one open gap junction.
Further, in the turtle bladder, we can preferentially load the
mitochondria-rich cells with 6-carboxyfluorescein, and if we
observe these cells for a long time we don't find this dye
diffusing into the other cell types. So we think that these cells
do not communicate with their neighbors by means of open gap
junctions. We believe that this finding raises many interesting
developmental questions. During embryologic development, as
you know, when a cell commits itself to establishing a new
lineage of cells, the first thing that frequently happens is closure
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of the gap junctions. George Schwartz and I have been very
interested in studying the embryology of these cells. He found
recently that these cells are present very early in the mesoneph-
nc duct development. It is possible that they have started "life"
much earlier than have the rest of the renal cells and they may
even move into the adult metanephric kidney.
DR. ARIAS: I believe that there are multiple gap junctions
throughout the nephron. Can you exclude a role for ion
transport through these junctions? The evidence that pH is
different in adjacent cells suggests that gap junctions are not
involved. Your calculations of ion transport capability may
depend on other factors, including the number of gap junctions.
In liver, for example, the pH range for closure of gap junctions
is very narrow. In muscle, the pH range for closure of gap
junctions is large. I don't know what it is in kidney. Are there
studies of renal gap junction closure with respect to pH?
DR. AL-AWQATI: No. But remember that carboxyfluorescein
is a small molecule that should cross these junctions ii they
exist. There are very good studies on electrotonic coupling
between various cells in the proximal tubules. Recent studies
by renal electrophysiologists of the collecting duct have sug-
gested that there is no electrotonic coupling. Morphologic
studies using freeze fracture also have failed to show the
presence of gap junctions. However, none of these studies is
really very convincing. After all, how many freeze fractures can
one examine? Despite that, there appear to be no gap junctions
between the mitochondnia-nich cell and the other cell type. The
presence of only a few gap junctions will not have an effect on
my calculations; in fact any effect will be in the opposite
direction. Further, the cell is alkaline; that should open the gap
junctions. If there are any gap junctions, the pH difference
between the two cell types should be even lower. If there was a
single gap junction, it might collapse this pH difference; if there
were many, they definitely would collapse the pH difference.
The evidence we have, however, is only suggestive. What one
needs to do is "plant" an electrode in one cell and another in a
neighboring cell, and then pulse in a current to find out whether
there is electrical coupling between the two cells. The next best
thing is to inject a dye. Mother Nature has given us carbonic
anhydrase, which allows us to preferentially load these cells
with 6-carboxyfluorescein, a small molecule that is a well-
known marker for gap-junction permeability.
DR. MADIAS: It is my understanding that studies in the
isolated turtle urinary bladder by you and others have shown
clear stimulation of acidification during exposure to 5% CO2 as
compared to air; however, progressive increase in the serosal
PCO2 above a value of about 32 mm Hg has not resulted in
increased acidification [49]. Indeed, recent studies with this
preparation have revealed that anisohydric serosal titration
with high CO2 levels actually leads to a progressive inhibition of
hydrogen ion secretion [50]. Moreover, several micropuncture
and microperfusion studies have shown that acute hypercapnia
augments proximal acidification but does not alter or even
inhibits distal acidification [5 1—561. Additionally, distal acidifi-
cation evaluated by the urine-blood PCO2 difference in alkaline
urine was found to be decreased in acute hypercapnia in the
intact dog [57]. Turning to chronic hypercapnia, whereas proxi-
mal bicarbonate reabsorption is clearly increased [58], our
studies strongly suggest that distal acidification is not augment-
ed (Adrogué HJ, Madias NE, personal observations). I should
like to suggest that the renal response to persistent hypercapnia
may derive virtually exclusively from proximal nephronal
segments.
DR. AL-AWQATI: Yes, certainly that is possible. I think the
problem, however, is that exocytotic insertion occurs in both
the proximal and collecting tubules. The question that remains
is: is the stimulation of H secretion by exocytotic insertion of
pumps in either the proximal or collecting tubule sufficient to
account for the observed rates? The problem in the collecting
tubule is also complicated by the fact that many of the experi-
ments you cite were performed in the free-flow, open-circuit
state. Hence these results are not convincing one way or the
other in large part because nothing is controlled in that kind of
an experiment. Unless one is able to control the luminal pH, the
membrane potential, and the aldosterone state, it will not be
easy to interpret these experiments. Further, one does not
know the history of the animal in terms of the number of
bicarbonate-secreting cells. The problem again is that it is
difficult to relate experimental results in cellular physiology to
whole-animal physiology. Further, I am not really as familiar
with the literature you were quoting as you are. But it seems to
me that for any experimental result you cite there is one other
experiment that shows the opposite result. In other words,
many people have shown that CO2 directly stimulates H
secretion in the proximal tubule, but some have even shown
inhibition by CO2 in the collecting tubule. The question is, how
could there be inhibition? The answer is that after increasing the
PCO2, the urine might become acidic, which will tend to shut off
the H pump even if the CO2 has increased the number of
pumps in the membrane.
DR. MADIAS: You have suggested that calcium entry and
increase in intracellular calcium occur during stimulation of
acidification with hypercapnia. Do you have any evidence for
calcium involvement in the suppression of acidification during
hypocapnia?
Da. AL-AWQATI: I don't have any evidence that calcium is
not involved in this process. We recently found that hypocapnia
stimulates endocytic removal of proton pumps from the mem-
brane. Also, when CO2 is removed from the bladder, the
intracellular calcium decreases. Perhaps the reduction of cell
calcium stimulates endocytosis.
Da. PERRONE: What is the mechanism of butyrate-stimulated
exocytosis?
DR. AL-AWQATI: Butyrate is a weak acid that is very
permeable in the acid form. When it enters the cell, it dissoci-
ates and releases protons. Cell acidification by butyrate also
increases cell calcium, which is the proximate cause of
exocytosis.
Dr. Al-A wqati regrets that no reprints of this article are available.
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